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ABSTRACT

Undiscovered recoverable petroleum amounting to 18 billion barrels of
0il and 275 trillion cu ft of gas is estimated to be in southern Africa,
Preliminary estimates were made on the basis of play analysis for the
productive, geologically better known, basins of the west coast. Other basins
were assessed by comparison to petroleum yields of tectonically analogous
basins. These preliminary estimates were reviewed by a panel from The World
Energy Resources Program, and final assessments were made.

Three-fourths of the undiscovered oil and gas appears to be along the
western petroleum-productive margin of southern Africa; most is in a single
basin, the Nigeria basin, that contains almost half of the undiscovered oil
and two-thirds of the gas.

Rift basins, including the rift phase of the continental margin basins
and the interior basins, contain a fifth of the oil and gas. If the Niger
delta is excluded, more than 40 percent of the oil and gas is in the rift
basins.

Six Atlantic coast countries, Nigeria, Cameroon, Gabon, Congo, Zaire and
Angola, and two countries adjoining the Indian Ocean, Tanzania and Madagascar,
each have substantial undiscovered oil of more than 500 million barrels,

These same countries, plus Mozambique and Zambia, contain substantial
undiscovered gas of more than 3 trillion cu ft.

INTRODUCTION

Southern Africa, for this study, comprises the countries as far north as
Tanzania, Uganda, Zaire, Congo, and the southern parts of Cameroon and
Nigeria. Within this region are 15 large sedimentary basins, i.e. interior
sags and marginal sags, including underlying rift subbasins (fig. 1), 17 major
Karoo rift basins, and a number of younger aged East African rift basins.
These basins are in five tectonic trends: 1) rifted and wrenched continental
margins accompanying the opening of the Atlantic Ocean, 2) rifted and wrenched
continental margins accompanying the opening of the Indian Ocean, 3)
intracratonic or interior sags trending northward through central Africa, 4)
Permian-Jurassic (Karoo) interior rifts trending northeastward through
southern Africa from southern Namibia to the Kenya coast, and 5) a younger
rift system with an eastern and western branch trending northward through
eastern Africa.

Only the Atlantic continental margin trend has petroleum production,
with the consequent availability of appreciable geologic data. These basins,
i.e. Nigeria, Douala, Gabon, Congo, Cuanza, Orange (and the related wrenched
basin, Agulhas) are assessed by play analysis. The other less explored non-
producing basins, where adequate detailed data are not available, are assessed
by discounted volumetric yield analogy to producing basins.

The play analysis method employed to assess the Atlantic margin basins
is a modified volumetric method with each of the appropriate geologic factors
considered separately (Roadifer, 1979). The analysis is built up of seven
principal estimates, i.e., acres of untested trap, percent of untested trap
area which is presumed to be productive, feet of average effective pay,
percent of oil (versus gas) in petroleum mix, primary oil recovery in barrels
per acre-foot (BBLS/AF) (a function of reservoir characteristics), gas
recovery in thousands of cubic feet per acre foot (MCF/AF), and natural gas
liquids (NGL) recovery in barrels per million cubic feet of gas (BBLS/MMCF).
The estimates are made with ranges of values to indicate degree of
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uncertainty. The most likely value for each estimated factor is multiplied
together with the other factors to indicate a preliminary assessment of
undiscovered petroleum for each play in the play-analysis summaries (tables 1-
15); table 16 totals the plays for the Atlantic margin. For brevity, only the
most~likely case, or mode, of each range is used in the text discussion of the
rationale for various estimates.

The estimates based on play analysis are compared with estimates based
on discovery rate curves where sufficient data are available.

For the discounted volumetric yield analogy of producing basins,
estimates employed the volumetric yields derived by H. D. Klemme (1980) from
63 basins of the world, classified under seven different tectonic classes.
These yields are necessarily of producing basins, where the geologic factors
favoring petroleum production are near optimum. The African basins being
evaluated, while geologically similar to analogous producing basins, do not
necessarily possess all the favorable attributes for petroleum accumulation.
Before applying the yield figures from the producing basins to the African
basins, they are therefore discounted an amount depending on the comparable
effectiveness of the pertinent geological factors. Four principal factors
were considered, discounted separately, and multiplied together to obtain the
total discount to the analogous yield figure. The four discounting factors
are: (1) source, the main concerns of which are abundance of organic material,
type of organic material, and thermal maturity, (2) reservoirs, which include
mainly the thickness and reservoir characteristics, (3) traps, which include
structures, seals, and geometry of traps in relation to source, and (4)
timing, which includes the time of generation and migration versus trap
formation. In discounting, a geologic factor, less than ideally favorable for
petroleum accumulation, is shown as a fraction of one depending on its
estimated effectiveness. For example, to evaluate the interior sag portion of
the Zaire basin (fig. 40), the source is discounted to 0.1, since although it
has some organically rich beds, it is largely too shallow to be mature; the
reservoirs are discounted to 0.5 as they are unknown, but probably exist owing
to abundance of granite in the adjoining basement; trap is discounted to 0.l
as the beds appear flat; and timing, if traps were present, is rated as good
and is discounted to 0.7, since the Mesozoic reservoirs would be in place to
accept migrating petroleum if the regional Mesozoic subsidence had been
sufficient to depress the potential source rock into the thermally mature
zone. Together the total discount is ,0035. Klemme's evaluation of interior
sags in yield per cubic mile indicates a low of 20 thousand barrels of oil
equivalent per cu mi (MBOE/cu mi) and a high of 42, For the Zaire interior
sag of 200,000 cu mi with a discount of .0035, the indicated low is 14 million
barrels of oil equivalent (14 MMBOE) and the high is 29 MMBOE. A most likely
value is perhaps around 20 MMBOE, The petroleum is judged 20 percent oil
giving 4 million barrels of oil and 96 billion cu ft of gas.

To apply Klemme's yield figures, it was necessary to reduce the basin
being assessed into its tectonic elements., For instance, the relatively
extensive interior sag basins of Africa appear to be often underlain by more
restricted interior fracture or rift basins, According to Klemme's studies,
the yield from an interior rift basin ranges from 350 to 492 BOE/cu mi, while
an interior sag has a yield of much less - only 20 to 42 BOE/cu mi. These two
elemental parts were treated as if they were separate basins, arriving at two
estimates of petroleum content which are simply added together. Some
inconsistency is introduced by this method since the sag and rift elements
were probably not separated in arriving at Klemme's yields. Adjustments were
made for the fact that migration can occur between the two elements,



The application of this discounted analogy method to the assessment of
the various basins is summarized in tables 17-19, The rationale behind the
quantitative estimates and analogies used are contained in the text.

The petroleum geology as expressed in this report, including the play
analyses and discounted volumetric yield analogies, was presented to a board
of geologists of The World Energy Resources Program who, after an in-depth
discussion and deliberation from the perspective of individual experiences and
a review and adjustment of the preliminary estimates and assumptions, arrived
at a subjective consensus as to the amount of recoverable undiscovered
petroleum in each basin or convenient group of basins., Because the unknown
cannot be predicted with precision, a curve of probabilities better conveys
the true nature of the estimate than does a single average value. Conditional
upon recoverable resources being present, initial assessments are made for
each of the assessed provinces as follows:

(1) A low resource estimate corresponding to a 95-percent probability of more
than that amount; this estimate is the 95th fractile (F95).

(2) A high resource estimate corresponding to a 5-percent probability of more
than that amount; this estimate is the 5th fractile (FS)'

(3) A modal ("most likely") estimate of the quantity of resource associated
with the greatest likelihood of occurrence.

The results of the final estimates are averaged, and those numbers are
computer processed by using probabilistic methodology (Crovelli, 1981) to show
graphically the resource values associated with a full range of probabilities
and to determine the mean, as well as other statistical parameters.

The mean probability is an important objective of this study. It not
only embodies with due emphasis the most likely quantities of the probability
range, but, significantly, includes the appreciably higher but less likely
quantities; that is, it takes into account the possibility of substantial
"sleepers", e.g., subtle traps and unknown plays.

ATLANTIC MARGIN BASINS

Regional Geology
Structure

The basins to be considered, the Nigeria, Douala, Gabon, Lower Congo,
Cuanza, Orange, and Agulhas basins, owe their structural configuration and
sedimentation patterns to the rifting, peripheral wrenching, and subsequent
sagging that accompanied the opening of the south Atlantic in the Early
Cretaceous.

This north-south trend of basins falls into four segments. The northern
segment, the Guinea Gulf segment, includes the Niger Delta area (and the
adjoining east-trending north coast of the Gulf of Guinea (the Guinea Gulf
segment). It is strongly affected by sinistral wrenches and transform faults
manifested in an array of deep trenches and ridges extending eastwards from
the mid-Atlantic Ridge to impinge on the west African coast (fig. 2). This
east-trending fault trend extends into the continental crust area in the form
of the Cretaceous rift basins of Benue and Chad. The southern boundary of the
Guinea Gulf Segment is the east-trending Guinea Ridge (associated with the
Ascension Fault Zone) which curves northeastward at the African coast. At



that point, the ridge is joined and overprinted by the later (Tertiary)
northeast-trending Cameroon volcanic zone.

The south slope of the Guinea Ridge is the north boundary of the second
segment, the Aptian Salt basin segment, which extends southward to the Walvis
Ridge (fig. 2). This segment is dominated by early Cretaceous continental
margin rifting parallel to the north-trending west African coast and by a
middle Cretaceous (Aptian) interior sag resulting in a restricted but very
extensive sea with distinctive and petroleum-significant evaporite deposits.

The third segment, the Walvis Ridge-Cape Good Hope segment, south of the
Walvis Ridge is structurally similar to the Aptian Salt Basin segment, but is
lacking the petroleum-significant Aptian evaporitic sequence (fig. 1).

The fourth segment, the Agulhas basin, is off the south coast of Africa
and is associated with the transform or wrench fault attending the opening of
the South Atlantic (fig. 1).

The undiscovered recoverable petroleum of these west coast marginal
basins is summarized in table 16,

Stratigraphy

The regional stratigraphic sequence falls into four unconformity-bound
lithologic groups generated by the tectonics associated with the early
Cretaceous opening of the South Atlantic.,

1) Intracratonic (prerift) sediments

2) Interior rift, or fracture (synrift) sediments
3) Interior sag (synrift-postrift) sediments

4) Marginal sag (postrift) sediments

The Nigeria basin is largely limited to the marginal sag sediments (and
possibly some Interior sag sediments); the Douala basin is limited to the
marginal sag and interior sag; the remaining basins involve all four of these
lithologic units,

Intracratonic (Prerift) Sediments.-~These rocks were deposited in the
interior craton of the American-African continent prior to the original uplift
and rifting accompanying the first phase of the Atlantic opening. They are
lowermost Cretaceous and older and include the Lucula Formation or "basal
sandstones" of Gabon and Congo basin and also an older (Carboniferous to
Jurassic) marine to continental group, often referred to as the Karoo
Supergroup or equivalent. The Lucula Formation and equivalent basal
sandstones are one of the main reservoir units of the Gabon and Congo basins,

Interior Rift (Synrift) Sediments.--These rocks were deposited in the
troughs or grabens formed by the rifting of the continental crust in the early
phase of the Atlantic opening. The troughs deepened as rifting proceeded,
filling with sediments shedding from the eroding intervening horsts.
Lacustrine shales formed in the graben deeps, thinning and becoming sandy
towards the edges with the development of fresh-water carbonates on the highs.
The lacustrine shales are the main source rock of the Aptian Salt basin
segment of the West African coast,

Interior Sag (Synrift-postrift) Sediments.--Synrift and postrift
sediments were laid down during the time the continental crust was finally
parting and was therefore under progressively less tension as the spreading
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was taken up by the oceanic crust. The thermal effects on the continental
crust were also abating as the distance from the center of the spreading to
the continental crust increased. Thermal subsidence or sagging began,
faulting and consequent horst~ and graben~forming activity ceased, and erosion
reduced the topography. The opening basin, however, was still restricted from
the open oceans; a broad shallow basin of continental beds, occupying interior
continental crust and some oceanic crust area. The continental beds graded-up
into shallow evaporites including salt (Aptian Salt Basin) as sea water
encroached into the interior sea.

Marginal Sag (Postrift) Sediments.~~Finally the transitional interior sag
period was completed and the break between continents was so great as to allow
the entry of open-marine seas. The continents had moved further from the hot,
spreading center, and subsidence was relatively rapid with the consequent
deposition of Upper Cretaceous to Neogene thick marine to deltaic sediments,
e.g. the Niger, Ogooue, Congo, and Orange deltas.

Nigeria Basin
Location and Size

Nigeria Basin covers approximately southern Nigeria, but extends
eastward into Cameroon some eight percent (figs. 1,2,3,4). The western
boundary is assumed to be at the edge of the present delta, approximately at
Nigeria's western border; the southwestern boundary is near the base of the
continental slope at about 6,600 ft (2,000 m) water depth (fig. 2); the
eastern boundary is at the north~east trending line of volcanic centers
(Cameroon Volcanic Zone) (fig. 2); and the northern boundary rather
arbitrarily is placed at the east-west segment of the Benue River
(arbitrarily, because the Nigeria basin merges with the northeast-trending
Benue Trough which continues into Chad) (fig. 2). As so defined, the basin
has an area of 92,000 sq mi and a volume of 400,000 cu mi.

The principal play of the basin is the Niger delta which has an area of
some 46,000 sq mi (29.44 million acres) in less than 600 ft water depth., If
one includes the more prospective part of the continental slope, the delta
area altogether is 52,000 sq mi.

Exploration and Production History

The earliest oil exploration (1908~1914) was some 14 shallow dry holes
drilled near surface seeps in the Cretaceous outcrop area. In the late
thirties, comprehensive exploration began which, with an interruption for
World War II, has continued to present. Beginning in 1947, geophysical and
shallow drilling exploration was initiated, and the first deep test was
drilled in 1951. Investigations switched from Cretaceous prospects to the
Tertiary delta area, and in 1956 the first oil discovery was made. In 1958
the first giant oil field, Bomu, was discovered. The first offshore giant
field, Okan, was discovered in 1964,

Up to the end of 1984, over 900 wildcats had been drilled resulting in
the discovery of 0il reserves amounting to some 26.4 billion barrels of oil
(BBO). Gas has also been discovered, but not actively produced so that the
reserves are not established to the same extent as oil. Exploration has been
quite successful with a wildcat discovery rate of 40 percent.
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Structure

Regional Tectonics.--The Nigeria basin, situated as it is, at the head
of the Gulf of Guinea, occupies a zone where the east-trending equatorial
oceanic fracture zones or transform faults between the North and South
Atlantic intersects the African continental crust and appears to extend into
the continent, forming the Cretaceous rifts of the Benue Trough and Chad
(fig. 2). These transform zones appear to override the early Cretaceous
rifting seen on the eastern continental edge of the South Atlamntic, but are of
approximately the same age. The ridges accompanying the transform features
are truncated by Albian~Cenomanian marine beds, dating them as early
Cretaceous and indicating a continental margin sag and invasion of the sea in
early Late Cretaceous. During the Santonian, the Benue Trough, and probably
the on-trend portion of the Niger delta area, was affected by folding due to
wrenching or compression (fig. 4). This folding was accompanied by magmatic
activity at least in the Benue Trough region. Renewed subsidence with major
marine transgression occurred in Campanian-Maastrichtian period.

The Niger delta began in the early Tertiary, being at first confimed to
the subsiding, narrow western extension of the Benue Trough and then building
out southwestward on to the continental shelf and finally out over the oceanic
crust (figs. 2 and 3). The present cone-shaped front first developed in the
Miocene and the delta's maximum growth occurred in late Tertiary (fig. 4).
Projected gravity and magnetic data indicate that the present depth of the
oceanic basement under the central delta reaches some 26,000 ft (8 km,
Hospers, 1970).

Structural Traps.--Four kinds of structural traps found in the Niger
delta area are: (1) growth~-fault and rollover features of the Tertiary delta,
(2) diapirs (shale or salt-cored) of the deltaic continental slope, (3) horst
and graben features, formed during Cretaceous rifting and wrenching, and (4)
folds, compressional or drag, involving Cretaceous strata on the eastern side
of the basin,

1) Growth-fault and rollover traps of the Tertiary delta. To date, the
Tertiary growth-faults and rollover features of the Niger delta are the only
petroleum-producing traps in the Nigeria area. We estimate from Evamy and
others' map (fig. 5) that in 1978 some 608 sq mi of oil or gas fields of this
play had been discovered. From a few published field maps and sections it is
surmised that o0il and gas fields occupy about 60 percent of their structural
closures. This, together with the success rate of 40 percent, indicates that
the fields occupy about 24 percent of the originally mapped and tested trap
area which accordingly would have amounted to some 2,500 sq mi. However, at
that time (1978), all the traps had not been discovered or tested.

The untested trap area of the Niger delta may be estimated by an
adjusted comparison of its exploration history to that of the structurally
analogous Gulf Coast basin of the United States which is of comparable size
and has a parallel field-size distribution (except with a lower economic
field-size cutoff). At the end of 1978 the Niger delta, of 46,000 sq mi, had
been explored by 782 wildcats, testing 2,500 sq mi of trap. By analogy, when
the wildcatting in the Gulf Coast (Federal Outer Continental Shelf) of some
58,000 sq mi had reached the same drilling density (one wildcat to 58.8 sgq
mi), 986 wildcats had been drilled and 55 percent of the 1978 Gulf Coast oil
and gas reserves had been found (extrapolation from figure 4 in Drew and
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others, 1982). Allowing for the prediction (Attanasi and Haynes, 1983) that
the 1977 amount of discovered oil and gas in the Gulf Coast would ultimately
increase by 19 percent, the 55 percent estimate reduces to 47 percent. In
other words, approximately 47 percent of the ultimately to be discovered oil
and gas in the Gulf Coast basin had been found when the drilling demsity
reached one wildcat to 58.8 sq mi.

Assuming the Gulf Coast analogy, and that the amount of tested trap is
proportional to the amount of discovered oil, the 2,500 sq mi of tested trap
mapped by 1978 (the year drilling density reached one wildcat to 58.8 sq mi in
Nigeria) would represent about 47 percent of the total trap area to be finally
tested (i.e. 5,319 sq mi). However, from 1978 to 1984 (the last data year),
the discovered o0il in Nigeria increased by 7.5 percent, as presumably did the
trap area tested (bringing tested traps to 2,775 sq mi), indicating that as of
1984, 2,644 sq mi of trap (5,319-2,675 sq mi) remain to be tested.

2) Diapirs of the continental slope. The second structural play, the
continental slope diapirs, occupies the continental slope of the Niger delta,
an area of some 11.67 million acres (figs. 2 and 3). These slope diapirs have
not, to my knowledge, been extensively tested, if at all. Whether the cores
of the diapirs are Tertiary shales or Cretaceous salt does not appear to be
established. The effectiveness of these traps is judged to be low, on the
basis of less likely reservoir development on the distal part of the delta and
the lower feasibility of economic production in deep water. For assessment
purposes, I assume that the percentage of the play area which is diapir trap
is the same percentage (i.e. 15 percent), as that for the salt diapir traps in
the somewhat structurally analogous nearby Cuanza basin. This analogy
indicates that there is 1,75 million acres of trap in the play.

3) Cretaceous drape features. The third structural play, the horst and
tilted fault blocks, formed during the Early Cretaceous. Rifting and
wrenching are associated with two trends, 1) the east and northeast-trending
equatorial ridge and fracture zone which separates the North from the South
Atlantic, and 2) the north to northwest rifting of the continental margin
(figs. 2 and 4). This complex of faulting underlies the Niger delta and
occupies 75 percent of the basinal area or 44.16 million acres. The size and
frequency of these drape features are not known; published cross~sections
(figs. 6 and 7) indicate generally broad, gentle folds at Upper Cretaceous
levels. Although I realize that rifting is only one component, with
wrenching and transform faulting having a large influence, I am, for lack of a
better analogy, assuming a similar percentage of trap area for this play as
that estimated for the rifted continental margin of India, and other rifted
parts of Africa, namely five percent. This gives a trap area of some 2,21
million acres.

4) Cretaceous folds. The fourth structural play is closely associated and
merges with the third., In the area of rifting and wrenching, folds are
presumably caused by a dominantly wrenching movement and are thus of drag-fold
or compressional origin. The folds affect Cretaceous strata and their axes
are parallel to the Benue Trough and to the impinging equatorial fault zones.
These folds occupy the eastern half of the Cretaceous outcrop area, the so-
called Abakaliki High (fig. 4), an area of about 11,000 sq mi and probably
extend southwestward to some extent under the Tertiary delta, so as to take up
some 15,000 sq mi in all, Assuming for assessment purposes that these folds
are dominantly of drag-fold origin, I estimate on the basis of analogy to
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other wrenched basins (Central Sumatra, Los Angeles), that the trap area is
5.5 percent of the play area of 15,000 sq mi or 528 million acres, Lack of
seal, however, causes these traps to be largely ineffective.

Stratigraphy

General Section.~-The stratigraphic section is in two sequences. The
lower sequence is middle Cretaceous to Eocene marine sandstones and shales,
which in the "Anambra Basin" (just north of the delta apex) can be divided
into two groups: (1) a section of Albian to Upper Turonian shales with
interbedded sandstones and shales, which is as much as 3,000-ft thick (fig.
8), and (2) a sequence of Maastrichtian to Miocene paralic sandstones and
shales, as much as 2,400-ft thick, which was deposited after Upper Santonian-—
Lower Campanian folding and uplift.

The upper sequence is a 30,000-ft-thick wedge of the Tertiary delta and
is divided into three time-transgressing regressive formations (fig. 3). The
lower unit, the Akata Formation, is a thick section of shallow-marine shales
with a few sands, This unit is well over 10,000 ft thick and is largely over-
pressured. The Akata Formation has only negligible reservoirs, but is a good
source rock.

Overlying and interfingering with the Akata Formation is the Agbada
Formation which contains the primary reservoirs of the Niger basin. The
thickness of this sandstone and shale sequence exceeds 12,000 ft in the
central part of the basin. The upper part of the Agbada is about 75 percent
sandstone and the lower part 50 percent.

The upper unit is the Benin Formation of continental sands and gravels
with local shales. Its thickness ranges up to 6,000 ft, The general lack of
seals limit petroleum occurrence to a few fields in this unit,

Reservoirs.--For assessment purposes, reservoirs have been grouped into
Cretaceous pre-delta sandstones and Tertiary Niger delta sandstones.

Sandstone reservoirs appear to be relatively abundant in the Cretaceous
section, their thickness and distribution varying widely (figs. 6 and 7). The
Lower Turonian Eze Aku Formation of the "Anambra Basin" in the north (fig. 8),
for example, has 770 cumulative net feet of reservoir while the equivalent
"Turonian Sandstone" on the west flank of the delta at the western Nigeria
border is 1,600 ft thick and has two reservoirs containing oil-in-place
exceeding 100 million barrels (the Seme 0il Field). The Lower Maastrichtian
Nkpero Formation has net gas sands ranging from 100 to 233 ft, I estimate an
average net reservoir thickness for the late Cretaceous of 150 ft. The only
porosity data available indicates 15 to 18 percent in the Awgu Formation north
of the delta and 20 percent in the Seme 0il Field west of the delta. I assume
18 percent porosity to be the average for the Cretaceous play.

The reservoir sandstones of the Tertiary Niger delta are confined to
the Agbada Formation. They are discontinuous in nature, barrier bars, channel
sands, and point bars associated with delta deposition. They are laterally
extensive, Multiple reservoirs are common, yielding thick cumulative net pay;
field area and reserve figures from some of the larger fields indicate
cumulative net pays range from 250 to 500 ft., I estimate future smaller
fields will average 300 ft of cumulative net pay. The deltaic reservoirs have
porosities generally ranging from 25 to 35 percent; I assume an average of 25
percent and an oil recovery factor of 25 percent, Future wildcats will be
deeper; I estimate the average depth of deltaic reservoirs will be 8,000 ft.
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MGE HYDROCARBON SOURCE ROCK
THIOOKESS 1N METERS FORMATION LITHOLOGY AND DISTRIBUTION OF ROCK UNITS 0MES POTENTIAL
MIDDLE UPPER Consists of two lithologic units. Lower unil con-
sists of sandstones with Interbeds of calcareous
MIOCENE AMEK! shale and shelly limestone. Upper unit consists of
coarse, crossbedded sandstones with sandy clay
0—500 Interbeds.
PALEQCENE IMO Dark ?uy fo bluish shales with interbeds of thin
0—1100 sandstone near the basin’s edge.
' UNCONFORMITY
UPPER Alternation of sandstone darkgrey shale with coal
MAESTRICHTIAN | NSUKKA | seams : 4
0—450
UPPER Friable, poorly sorled, whitish, fine to coarse
MAESTRICHTIAN AJALI g:alned. non lossiliferous, predominantly cross-
0—400 dded sandstone.
, *
LOWER Alternation of (line 10 medium grained sandstone | Gas in Alo 1,
MAESTRICHTIAN MAMU and dark gey shale with occasional coal seams |0il in Anambra
0—400 especially around Enugu. River 1
. ol
LOWER Dark shales with thin beds of sandstone and shelly | Gas in Alo 1,
MAESTRICHTIAN NKPORO | limestone. Shatlkintem! replaced by the coarse [igbariam 1 and
0—1100 grained Lokoja Sandstone in the northwest. Akukwa 1
Oil in Anambra | Fair to good
River 1 source rock
potential based
REGIONAL UPLIFT on vitrinite
reflectance.
UPPER Alternation of bluish grey laminaled shale with Gas in
interbeds of fine grained calcareous sandstone and| Ihandiagu 1
TURONIAN AWGU bioclastic limestones. Replaced by fine grained fand Amansiodo
0—750 calcareous sandstones in the northwest and Enugu 1
area {Agbani Sandstone),
Predominantly grey to black flaggy shales and
LOWER calcreous siltstones of marine origin, Grades into
TURONIAN €ZE AKU | sandy limestones and coarse grained sandstones Gas in
500—2000 near the eastern (Agala Sandstone) and northeas-| thandiagu 1
tern (Makurdl Sandstone) Flank of the basin,
Olive brown shales with fine grained micaceous
ALBIAN Sandstones and occasional thin beds of shel
APTIAN? ASU RIVER| limestones. Consists of an alternation of bitumi-
0—200 nous shales and coarse grained sandstones in the Y
northeastern rim of the basin.
UNCONFORMITY
. BASEMENT! Dominanlly granite. Basemen! encountered in
PRECAMBRIAN COMPLEX | Ocheku River 1 consists of quartzite underlain by
microgranodiorita.

Figure 8.--Pre-delta stratigraphic column, Nigeria basin (from Akpo and Olu, 1981).
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Seals.--Seals appear to be generally poor in the Cretaceous updip of the
Tertiary delta. Only those Cretaceous-targeted wildcats in the deeper axial
extension of the Benue Trough (Anambra basin) or more downdip, oceanwards,
under the deeper parts of the delta have found gas and oil. Elsewhere in the
basin, petroleum has been flushed from the Cretaceous reservoirs.

The Tertiary deltaic sands of the Agbada Formation are, in general,
fairly well sealed by overlying and adjacent deltaic shales. Seals may be
breached by growth faults extending upwards into the Benin Formation.

Although it has good reservoirs, the Benin Formation is insufficiently sealed
to accumulate hydrocarbon.

Source Section.~-In general, the Cretaceous sequence of the Nigeria
Basin has fair to good source rock properties, as does the lower part of the
overlying deltaic sediments, the Akata Formation. Thermal maturity also
approximately limits source rocks to the lower delta and older sediments.

Petroleum Generation and Migration

Richness of Source.—-The pre-Niger delta sediments, from Albian to
Eocene are considered to be of source richness, having an average organic
content of more than 5 percent. Shales in the Eze Aku and Awgu Formations
(fig. 8) are the richest, being up to 7.4 percent total organic carbon (TOC)
(Petters, 1982) and are characterized by abundant planktonic fossils and total
absence of benthonic fossils suggesting anaerobic bottom conditions (Petters
and Ekweozor, 1982). The kerogens fall into the type II-III category
indicating both marine and continental sources (Ekweozor and Gormly, 1983).

Evamy and others (1978) state that "..., not only was the organic
content of the Tertiary deltaic sediments low, but it was of the humic and
mixed types which are purported to be precursors for gas and light oil,
respectively.” Nwachukwa and Chukwura (1986), however, tested samples from
Agbada shale in the western part of the delta and found poor to high amounts
of organic matter, the range of TOC values (0.2 to 6.5 percent) comparing
reasonably well with values of Ekweozor and Okoye (1980) for the Tertiary
Niger delta as a whole. Nwachukwa and Chukwura (1986) found that although the
kerogen is type III, the abundance of amorphous organic matter suggests oil
source.

Depth and Volume of Source Rock.--In the drilled sections of the
Cretaceous "Anambra Basin" just updip from the apex of the Niger delta,
vitrinite reflective values (0.7 reflectance, wildcat Akukwa-2) indicate the
top of the thermally mature sediments to be at a depth of about 6,560 ft
(Ekweozor and Gormly, 1983). This Cretaceous area, in line with the Benue
Trough, has a thermal gradient of 2.0 to 3.0° F/100 ft. Oceanward in the more
rapidly subsiding Tertiary delta and its flanks, the thermal gradient appears
to be lower, i.e. 1.0 to 2.0° F/100 and consequently the top of the thermally
mature sediments are somewhat deeper.

Various investigators have mapped the top of the oil generating window
over the delta and indicate an average depth of about 10,000 to 13,000 ft. In
general, the 0il generating window appears to affect the upper part of the
Akata Formation and the lower part of the Agbada Formation. The gas-producing
zone falls largely in the Akata Formation and below.

I estimate the volume of mature and over-mature source rock to be some
300,000 cu mi.
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0il versus gas.--While it appears from the geology and geochemistry
discussed that the gas resources of the basin should be considerable, gas has
been neglected in favor of the more easily produced and marketed oil and
probably the true gas reserves for the Niger basin are not close to being
established. The analogous Gulf Coast basin, which has been extensively
exploited for gas, had reserves as of 1977 of 9.47 billion barrels of liquid
hydrocarbon and 94.28 trillion cu ft of gas, and an average of 16 barrels of
natural gas liquids per million cu ft of gas (Attanasi and Haynes, 1983). If
the indicated natural gas liquids are subtracted from the total liquids, the
remaining crude oil is, on an 0il equivalent basis, about half the gas, i.e. 8
BBO to 15.7 BBOE of gas (natural gas liquids amounting to 1.5 BBOE). If there
is a complete analogy of the Niger delta to the Gulf Coast basin, the
petroleum mix of the Niger delta is about 33 percent crude oil to 67 percent
gas. However, potential gas fields have probably been bypassed in favor of
0il, so that the future ratio for new fields is estimated to be only 25
percent oil versus 75 percent gas.

Migration timing versus trap formation.--Assuming thermal gradients and
rates of subsidence were fairly constant through the Cretaceous and Tertiary,

0il and gas generation would have commenced after some 10,000 ft of sediment
had been deposited which would have been in the upper Cretaceous. Traps in
the form of drapes over Cretaceous rift and transform ridges and tilted fault
blocks will have formed in time to receive early accumulations. Subsequently,
however, continued subsidence in the delta area would have lowered much of the
Cretaceous accumulations into the over-mature zone cracking the oil molecules
to methane. The thick cover of the massive, overpressured Tertiary deltaic
shales should have prevented much of this gas from escaping.

As the Tertiary deltaic sediments subsided, the lower formation, the
massive Akata shales, commenced generating oil and gas. Migration, however,
was perhaps inhibited by the over-pressuring of only moderately grganic—rich
massive shale, so perhaps that only the smaller gas molecules (C° and smaller)
were able, by diffusion, to move through the shale. Substantial primary oil
migration probably could not take place until the sandy Agbada Formation had
subsided into the petroleum-generating window. Depths to the base of the
Agbada sands vary, as those sands were initially deposited from Oligocene (in
lower parts of the delta) to Pleistocene, as the delta's progradation
proceeded southwestward. In a large part of the delta, (mainly the eastern
half) the base of the sand (i.e. the top of the continuous shale of the Akata
formation) has yet to subside sufficiently to reach the oil window, and
uninhibited primary oil migration from the overpressured Akata formation
appears to depend, in part at least, on other paths, namely, growth faults,

Growth faults are not only important in the formation of traps but also
of migration paths. Growth faults are perceived to initiate when relatively
heavy sandy deposits (Agbada Formation) prograde over clays (Akata Formation)
with low shear strength. This event is, therefore, also tied to the first
deposition of the Agbada sands, i.e. ranging from Oligocene to Pliocene as
progradation proceeded. In general, growth faults and accompanying rollover
traps appear to have preceded the flood of o0il, but not necessarily the gas.
The importance of growth-fault migration is indicated by the occurrence of
0il, particularly in the eastern part of the delta, where the presumed oil-
generating zone is separated from oil-bearing reservoirs by 2,000 to 4,000 ft
of over-pressured shale.
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Plays

From the above discussion, four plays evolve. The most important by far
are the deltaic sandstones of the Tertiary Niger delta., The sandstones are
involved in growth faults and the accompanying rollover anticlines, an area of
some 46,000 sq mi (figs. 3 and 5, table 1).

The second play is the slope diapirs which involve Tertiary sands. The
diapirs are formed either by shale or salt intrusions. The play is confined
to the continental slope of the delta; it has an area of some 18,230 sq mi
(figs. 2 and 3, table 2).

The third play is the Cretaceous sandstones deposited on the flanks and
over the tilted fault blocks associated with the continental margin rifting
during the opening of the Atlantic. The play occupies about 75 percent of the
basin (70,000 sq mi), excluding the folded area of Play Four and the area
underlain by ocean crust (figs. 2 and 4, table 3).

The fourth play is the Late Cretaceous folds along eastern side of the
basin, the Abakaliki High (fig. 4).

Conclusion - Basin Assessment

0f the four plays of the Niger basin, the fourth play, the Cretaceous
folds, appears to be only marginal; the folds are poorly sealed and
universally flushed., The first three plays, however, are more prospective and
a play analysis has been made for each of them; see tables 1, 2, and 3. These
tables summarize the individual estimated factors pertaining to petroleum
accumulation discussed above. The results of these analyses are indicated by
the product of the individual factors for each of the three plays as follows:

Play 0i1(BBO) Gas(TCFG) NGL(BBNGL) BOE(BBOE)
Deltaic sandstones 6,137 87.61 1.402 22,144
Slope diapirs .208 6.00 .097 1.3000
Cretaceous drapes <223 6.95 111 1.490
Nigeria basin Total 6.568 100.560 1.610 24.934

The assessment of the most important and only producing play, the Niger
delta, has also been made by an oil-finding curve (lack of data prohibits a
gas-finding curve). By plotting the number of Niger wildcats against millions
of barrels of oil discovered per wildcat well, D, H., Root (pers. commun.,
1986) arrived at an oil-finding curve which indicates that 34.47 BBO could be
ultimately discovered (fig. 9). As of the end of 1984, 26.34 BBO have been
found, leaving 8.08 BBO., To put a reasonable economic cutoff by arbitrarily
assuming that double the number of present (end of 1984) wells will eventually
be drilled, the amount of recoverable o0il to be discovered becomes 6,19 BBO,
Considering the difference in approach, the play analysis estimate of
undiscovered oil in the Nigeria basin (6.57 BBO) is in agreement with the 6.19
BBO estimated from the oil-finding curve.

On reviewing the above geologic conditions and considering the play
analysis, a consensus of geologists of The World Energy Resources Program
indicated a range of undiscovered petroleum probabilities for the Nigeria
basin, the mode or most likely of which were 7.0 BBO and 150 TCFG.

Cumulative probability distributions derived from this consensus,
indicating the full range of possibilities, are shown in figure 10, These
probability distributions include mean values of 7.60 BBO (Nigeria) plus .66
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Table 1

PLAY ANALYSIS SUMMARY OF UNDISCOVERED PETROLEUM

BASIN Nigeria No. , COUNTRY Nigeria 90%, PLAY Deltaic sandstones No. 1
AREA OF BASIN (Mi2) 92,000 Cameroon 10% AREA OF PLAY (MMA) __ 29.44

VOLUME OF BASIN (Mi3) 400,000 PLAY EST.ORIG. RESERVES 26.4 BBO TCFG
ESTIMATE ORIGINAL RESERVES 26.4 BBO 20 TCFG

TECTONIC CLASSIFICATION OF BASIN: Rifted (and wrenched) continental margin

DEFINITION AND AREA OF PLAY:

Deltaic sandstones involved in growth faults and accompanying rollover anticlines of the Tertiary

Niger delta, an area of 46,000 sq mi (figs. 3 and 5).
. PROBABILITY- DISTRIBUTION

MAJOR GEOLOGICAL/EXPLORATION FACTORS 95% ?gzﬁLY 5%
A. UNTESTED TRAP AREA (MMA) .81 1.69 2.5
B. PERCENT UNTESTED TRAP AREA PRODUCTIVE (%) 8 18 24
C. AVERAGE EFFECTIVE PAY (feet) 100 300 1,000
D. PERCENT OIL VERSUS GAS IN PETROLEUM FILL (%) 10 25 50
E. OIL RECOVERY (BBLS/AF) 150 269 400
F. GAS RECOVERY (MCF/AF) 1,000 |1,280 1,500
G. NGL RECOVERY (BBLS/MMCFG) 11 16 20

PRODUCT OF MOST LIKELY PROBABILITIES: OIL6.137BB, GAS,87.61 TCF, NGL 1, 4028B, OE 22,144 BBOE

REMARKS

A. As of 1977, an estimated 608 sq mi of o0il fields had been'discovered with 782 wildcats,
assuming 60% f£ill and a 40% wildcat success rate, 2,500 sq mi of trap would have been tested.
When the same wildcat density had been reached in the analogous Gulf Coast basin, 47% of the
ultimately-to-be-found petroleum had been discovered (see text). Assuming this analogy and
that of tested trap is proportional to discovered petroleum, the 2,500 sq mi of Nigerian 1977
tested trap represents 47% of ultimate trap area. This ultimate trap area (5,319 sq mi) less
the trap area tested up to 1984, i.e. 2,675 sq mi (the 2,500 sq mi tested in 1977 plus 7.5%
increase to bring it to 1984) indicates 2,644 sq mi (1.69 MMA) of untested trap remains.

B. About 24 percent of the tested trap area has been productive (60 percent fill times 40 percent
wildcat success); however, future success probably averages lower, maybe 30 percent, indicating
about 18 percent of the untested trap will be productive.

C. From the few net pay figures available plus inferred pays from field area and reserve figures,
I estimate cumulative sand thicknesses from 200 to 500 ft, perhaps averaging 300 ft for new
fields.

D. I assume by analogy to the Gulf Coast basin which has (in contrast to the Niger delta) been
extensively exploited for gas, that gas quantity on a BTU basis is twice that of oil. However,
potential gas fields probably have been bypassed in favor of oil. I estimate that future
potential will be only 25 percent oil.

E. Reservoirs appear excellent; porosity ranges from 25 to 30 percent. I assume an average of
25 percent and an o0il recovery factor of 25 percent.
F. Assumed an average thermal gradient of 1.25° F/100 ft and a pay depth of 8,000 ft.

G. By analogy to the Gulf Coast, an average of 16 barrels NGL/MMCFG is assumed.

Undiscovered resources of all plays in basin: 6.568 BBO, 100.56 TCF, 1.610 BBNGL, 24.934 BBOE
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Table 2

PLAY ANALYSIS SUMMARY OF UNDISCOVERED PETROLEUM

BASIN Nigeria No. 1, COUNTRY Nigeria , PLAY Slope Diapirs No.
AREA OF BASIN (Mi?*) 92,000 AREA OF PLAY (MMA) 11.67
VOLUME OF BASIN (Mi3) 400,000 PLAY EST.ORIG. RESERVES 0 BBO O TCFG

ESTIMATE ORIGINAL RESERVES 26.4 BBO _51? TCFG
TECTONIC CLASSIFICATION OF BASIN: Rifted (and wrenched) continental margin

DEFINITION AND ARFA OF PLAY: Tertiary sands domed over diapirs formed by salt or shale intrus

ions

i tinental sl of delta, an area of some 11.67 million acres (figs. 2 and 3).
Play confined to continental slope e R D aoTes 1LY DISTRIBUTIG
MOST
MAJOR GEOLOGICAL/EXPLORATION FACTORS 95% LIKELY 5%
A. UNTESTED TRAP AREA (MMA) .050 1.75 .300
B. PERCENT UNTESTED TRAP AREA PRODUCTIVE (%) -5 6.6 20
C. AVERAGE EFFECTIVE PAY (feet) 30 60 200
D. PERCENT OIL VERSUS GAS IN PETROLEUM FILL (%) > 15 20
E. OIL RECOVERY (BBLS/AF) 100 200 | 350
F. GAS RECOVERY (MCF/AF) 600 1,024 | 2,000
G. NGL RECOVERY (BBLS/MMCFG) 11 16 20
PRODUCT OF MOST LIKELY PROBABILITIES: OIL.208 BB, GAS, 6.0 TCF, NGL,097 BB, OE 1.3 BBOE
REMARKS
A. By analogy to the salt diapiric areas of the Cuanza, Lower Congo, and Gabon Basins,
accumulations approximately average about 15 percent of the play area, or about 1. 75 MMA
Few, if any, of these traps appear to be tested.
B. By analogy to the Cuanza basin, about 6.6 percent of diapir closure may be occupied by
petroleum fields.
C. No data are available, 1 assume that these distal deltaic sands are much thinner thah
on the shelf. I estimate about one-fifth of the shelf or an average of 60 ft.
D. The percent of gas is even higher than on the shelf owing to the lack of sand to bleed
off the overpressure. I estimate an average of 15 percent oil.
E. The slope reservoirs would be poorer than the delta sands over the shelf; 1 estimate
an average recovery of 200 BO/AF (versus 323 on the shelf).
F. Gas recovery is also reduced by poorer reservoirs. Objectives horizons are deeper,
but have about the same pressure as overburden more largely water.
G. By analogy to the Gulf Coast.

Undiscovered resources of all plays in basin: 6.568 BBO, 100.56 TCF, 1.610 BBNGL, 24.934 BBOE
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Table 3

PLAY ANALYSIS SUMMARY OF UNDISCOVERED PETROLEUM

BASIN Nigeria No. 1, COUNTRY _ Nigeria _, PLAY  Cretaceous Drapes No. 3
AREA OF BASIN (MiZ) 92,000 AREA OF PLAY (MMA) 44.16
VOLUME OF BASIN (Mi3) 400,000 PLAY EST.ORIG. RESERVES O BBO 0 TCFG

ESTIMATE ORIGINAL RESERVES 26.4 BBO 47?7 TCFG
TECTONIC CLASSIFICATION OF BASIN: Wrenched, rifted continental marein

DEFINITION AND AREA OF PLAY: Cretaceous sands deposited on the flanks and over tilted fault

blocks associated with the continental margin rifting and with the transform faults during the

opening of the Atlantic. The play occupies 75% of the basin, i.e. 44.16 MMA (figs. 2 and 4).
PROBABILITY  DISTRIBUTION

MAJOR GEOLOGICAL/EXPLORATION FACTORS 95% EQEELY 5%
A. UNTESTED TRAP AREA (MMA) 1.00 2.21 | 2.80
B. PERCENT UNTESTED TRAP AREA PRODUCTIVE (%) 0.5 2.5 | 10.0
C. AVERAGE EFFECTIVE PAY (feet) 50 150 250
D. PERCENT OIL VERSUS GAS IN PETROLEUM FILL (%) 5 15 50
E. OIL RECOVERY (BBLS/AF) 100 178 300
F. GAS RECOVERY (MCF/AF) 500 978 (1,500
G. NGL RECOVERY (BBLS/MMCFG) 5 16 25

PRODUCT OF MOST LIKELY PROBABILITIES: OIL .223BB, GAS, 6.95 TCF, NGL .111 BB, OE.1.49 BBOE

REMARKS

A. This play has been little explored and trap information is lacking. I estimate the trap area
makes up about 5% of the play area in conformity with estimates in other rifted continental
margins of India and Africa where drape structure is expected. Very little of this trap area
has been tested.

B. Up to 1981, 21 wells were drilled in the Cretaceous area updip from the Tertiary delta. Of
these, five encountered gas and one o0il, although termed discoveries, none were put on
production. A small (25 MMB) oil field was found on the west flank of the Niger delta
(in a different basin). I estimate a wildcat success rate of 10%. No data is available
concerning fill, but flushing and lack of seal appear to be a problem where sands are
shallow enough to be within drilling depth. Average fill is deemed low, perhaps 25%,
indicating that about 2.5% of the trap area may be productive.

C. Exploration wells have encountered net sand thicknesses from 80 to 230 ft. I estimate
150 ft to be about average.

D. The play appears gas prone from the wells completed in Cretaceous sands to north of the delta
and from those in the once-connected Douala basin. Exceptions are the oil recovery north of
the delta and the small oil field (25 million barrels) on the Benin border. Deeper drilling
under the Tertiary delta would undoubtedly be gas. I estimate the play is 85% gas.

E. Little reservoir data are available; Senonian sands in one well, Ocheku River-1, had a
porosity of 15-18%. 16.57 is taken as an average for the play in the future.

F. A high thermal gradient (ave. 2.5° F/100') and the necessity to go deep, perhaps sub-
Tertiary delta, to avoid flushing and leaking, puts the average depth at 10,000 ft.
G. By analogy to the Gulf Coast

Undiscovered resources of all plays in basin: 6.568 BBO, 100.56 TCF, 1.610 BBNGL, 24.934 BBOE
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BBO (Cameroon), 8.26 BBO in all, and mean values of 173.97 TCFG (Nigeria) and
15.13 (Cameroon), 189.10 TCF in all,

The Douala Basin
Location and Size

The Douala basin occupies the eastern coastal sedimentary fringe of
Cameroon (figs. 1 and 11). Its western boundary is the northeast-trending
Cameroon Volcanic Zone represented by a string of volcanic islands offshore
and volcanic peaks onshore. Its northern and eastern boundaries are
outcropping Precambrian rocks. Its southern boundary is taken arbitrarily
near the Cameroon-Equitorial Guinea boundary, the Equitorial Guinea narrow
shelf basin is presumably largely occupied by the Fang Fault Zone. The
offshore boundary is taken to be the 3,280 ft (1,000 m) bathymetric contour.
On this basis, the basin area is some 8,335 sq mi or 5.33 million acres. The
volume of sediments is approximately 25,000 cu mi.

Exploration and Production History

Exploration began in 1947, The first wildcats were drilled in 1954 in
the vicinity of oil and gas seeps and a minor gas discovery was made in 1955
(Logbada). This small field is presently supplying gas to the nearby town of
Douala. Gas of substantial amounts with some oil/condensate, was discovered
in 1980, Sanaga Sud, followed by further exploration success in the Kribi area
immediately to the south. At least one substantial gas field (Kribi E) was
discovered, reserves of 4 TCF are reported for the area. Gas of unknown
commerciality was also discovered at North Matanda (just southeast of the
Logbada Gas Field), and some oil along the east flank of the basin was found
in recent years.

Structure

Regional Tectonics.--The Douala basin appears to be part of the rifted
continental margin of Africa facing the south Atlantic, offset from the Gabon
segment of the margin to the south by the northeast-trending Fang Fault Zomne
(fig. 11). Its northern boundary is the early Cretaceous ridge or ridges
accompanying the equatorial fracture zones or transform faults separating the
openings of the North and South Atlantic which swing northeastward into the
Nigeria region (fig. 2). Specifically, the eastern extension of the New
Guinea Ridge, obscured by the northwest-trending, late Tertiary Cameroon
Volcanic Zone, separates the largely extensional, rifted continental margin of
southern Africa, including the Douala basin, from the largely translational
margin to the equitorial east-trending African coast, including the Nigeria
Basin,

The Douala basin though analogous to Gabon and other rifted continental
margins to the south, has apparently been structurally higher. The early
Cretaceous, i.e. pre-salt sediments, are missing or confined at depth to the
southernmost part of the basin., The Aptian salt of the southern basins
appears to extend over only about a southeastern fifth of the basin (fig. 11).
In the northern part of the basin, late Cretaceous sediments lie directly on
basement.
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Structural Traps.—-The basin appears to have three types of traps: 1)
postrift sandstones draping over late Cretaceous horsts and/or tilted fault
blocks, 2) sandstones over diapiric salt structures, and 3) growth-fault-
associated closures. Prerift and synrift traps of the more southern basin are
probably not present in this shallow basin where the older sediments have
lapped-out northward.

For the Gabon and other rifted marginal basins of western Africa, I have
assumed that drape traps make up five percent of the play area (by analogy to
estimates made for Indian continental margin basins). On this assumption, the
Douala basin would have .267 million acres to trap, that is, five percent of
the drape play area (which is assumed to be the whole basin, i.e. 5.33 million
acres).

No data are available concerning the number or size of traps in the
Cretaceous sands associated with the salt dome play. By analogy to a similar
play in the nearby Cuanza basin (where flowage of Aptian salt into domes has
caused closures in the overlying Cretaceous sandstone reservoirs) traps make
up 15 percent of the play area. The play area, limited to the basin area
underlain by salt, is assumed to be some 750,000 acres (see Stratigraphy and
fig. 11), indicating a total trap area of some 112,500 acres. An estimated 40
percent of this trap area has been drilled.

The amount of structural trap produced by growth faults and associated
rollovers in the Cretaceous section of the Douala basin is unknown. In the
somewhat similar Tertiary delta play of the Nigeria basin, the trap area is
estimated to be about 11.6 percent of the play area. The analogous Douala
play areas is the entire basin minus the updip areas of thin sediments and the
salt dome play area, or about 4 MM acres. This would indicate a total trap
area of some .464 MM acres. Exploration is less mature than in the Niger
delta. I estimate that about half the traps have been tested.

Stratigraphy

General.--The stratigraphy of the Douala basin is akin to the Gabon and
other basins to the south, however the interior rift (synrift) and
intracratonic (prerift) sediments are missing but may exist at depth in the
southernmost part of the basin., Only the interior sag and marginal sag
(postrift) sediments, that is, the salt and post-salt strata are considered.

The salt, presumed to be correlative of the Aptian salt of the Gabon,
Congo, and Cuanza basins, was reportedly penetrated in at least one well
(Rribi 1). I assume the salt to underlie the Kribi offshore an area of some
75,000 acres in the southeastern corner of the Douala basin (fig. 11) and to
provide the diapiric cores of traps in that area.

The post-Aptian section, i.e. the Middle and Upper Cretaceous
sedimentary rocks, appear to be deltaic and essentially composed of silty,
micaceous clays with interbedded sandy lenses of limited extent. An estimated
20 percent of the section is sand or silt concentrated in the upper Cretaceous
and near the base of the middle Cretaceous section (fig. 12). Sandstones or
siltstones also make up a similar small percentage of Paleocene and the rest
of the Tertiary section.

Reservoirs.--By analogy to the Cretaceous of the adjoining Nigeria
Basin, I estimate an average accumulative Cretaceous pay of 150 ft. This
would include reservoir sandstones of the drape structures and of the presumed
salt dome features of the Kribi area.
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I assume also a pay of 150 ft for the Upper Cretaceous and Tertiary
sandstones involved with growth faults.

Reservoir characteristics are also judged analogous to the Cretaceous
sandstones of the Nigeria basin which are of only fair quality with porosities
from 15 to 18 percent.

Sealg.—-In the shaley deltaic Douala section, seals are not a
significant problem.

Source Section.--The Cretaceous and Tertiary shales below 6,500 ft
(about 2 km) are considered the source rock of the basin (see below).

Petroleum Generation and Migration

Richness of source.--Thirty eight rock samples taken at intervals to the
total depth of the Logbada well (fig. 12) indicate a fair to average TOC
richness of 1.45 percent for the entire, i.e., Upper Cretaceous, section
(Albrecht and others, 1976). The kerogen is largely type III and II.

Depth and volume of source rock.-—Albrecht and others (1976), show that
0il generation begins at a depth of 5,577 ft (1,700 m); however, the top of
the peak 0il production is about 6,500 ft (200 m), the same approximate depth
as in the up-dip Cretaceous area of the Nigeria basin. The volume of source
rock is estimated to be 4,000 cu mi.

Gas versus 0il.--Only gas has been produced from the basin., I attribute
this to the great predominance of shale in the section, which is probably
overpressured, without the same amount of growth fault development of the
Nigeria basin to allow 0il migration. I estimate that o0il makes up 15
percent of the petroleum mix,

Migration timing versus trap formation.——-If thermal gradients and
subsidence rates had remained constant through the Cretaceous to recent time,

it appears that oil generation and migration would have started in the early
Late Cretaceous (or perhaps somewhat earlier assuming higher temperatures).

At that time, the basal sandstones (as drapes over basement blocks or over
salt features) would be available to receive migrating petroleum. The younger
growth structures and sandstone development would be late to receive much of
the petroleum (i.e. gas) but still in time to receive an appreciable amount.

Plays

The Douala basin appears to have three principal plays: 1) Upper
Cretaceous sandstones draped over Cretaceous fault blocks, 2) Upper Cretaceous
sandstones folded by salt tectonics, and 3) Upper Cretaceous and Tertiary
sandstones in growth faults and rollovers.

Conclusions — Basin Assessment

The three principal plays are summarized in tables 4, 5 and 6. These
summaries show the products of the quantified geologic factors which are
pertinent to petroleum accumulation., The assessed resources of these three
plays are combined for the Douala basin below,
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Table 4

PLAY ANALYSIS SUMMARY OF UNDISCOVERED PETROLEUM

BASIN Douala No.2 , COUNTRY Cameroon , PLAY Draped Cretaceous Sandstone No. 1
AREA OF BASIN (Mi*) 8,335 AREA OF PLAY (MMA) 5.33

VOLUME OF BASIN (Mi3) 25,000 PLAY EST.ORIG. RESERVES BBO TCK
ESTIMATE ORIGINAL RESERVES 0 BBO <1 TCFG

TECTONIC CLASSIFICATION OF BASIN: Rifted continental margin

DEFINITION AND AREA OF PLAY: Late (post Aptian) sands draped over early Cretaceous rift
features. Area includes the entire basin, 5.33 MMA (fig. 11).
PROBABILITY DISTRIBUTI(

MAJOR GEOLOGICAL/EXPLORATION FACTORS 95% ggszY 5%
A. UNTESTED TRAP AREA (MMA) .100 .267 .350
B. PERCENT UNTESTED TRAP AREA PRODUCTIVE (%) 0.5 2.5 10.0
C. AVERAGE EFFECTIVE PAY (feet) 50 150 250
D. PERCENT OIL VERSUS GAS IN PETROLEUM FILL (%) 5 15 50
E. OIL RECOVERY (BBLS/AF) 100 178 300
F. GAS RECOVERY (MCF/AF) 500 978 |{1,50C
G. NGL RECOVERY (BBLS/MMCFG) 5 16 25

PRODUCT OF MOST LIKELY PROBABILITIES: OIL .027BB, GAS, .832 TCF, NGL .013BB, OE .179BBOE

REMARKS

A. By analogy to other estimates of rifted continental margins, the average most likely amount
to trap area is 57 of play area. Previous testing is considered negligible.

B. By analogy to the Cretaceous drape play of the Nigeria basin with which the Douala basin was
joined prior to the intrusions of the Cameroon Volcanic Zone.

C. By analogy to the Cretaceous drape play of the Nigeria basip
D. By analogy to the Cretaceous drape play of the Nigeria basin
E. By analogy to the Cretaceous d;ape play of the Nigeria basin
F. By analogy to the Cretaceous drape play of the Nigeria basin

G. By analogy to the Cretaceous drape play of the Nigeria basin

Undiscovered resources of all plays in basin: .326 BBO, 7.522 TCFG, .124 BBNGL, 1.705 BBOE
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Table 5

PLAY ANALYSIS SUMMARY OF UNDISCOVERED PETROLEUM

BASIN Douala No.? , COUNTRY Cameroon ppay Sandstones over salt diapirs No. 2
AREA OF BASIN (Mi*) 8,335 AREA OF PLAY (MMA) .75
VOLUME OF BASIN (Mi3) 25,000 PLAY EST.ORIG. RESERVES <1 BBO TCFG

ESTIMATE ORIGINAL RESERVES 0 BBO <1 TCFG +4 TCFG (Kribi)
TECTONIC CLASSIFICATION OF BASIN: _ Rifted continental margin

DEFINITION AND AREA OF PLAY: Accumulations in Cretaceous sands draped over salt-flow structures.
The salt is the northern extension of the Aptian Salt Basin and is restricted to the southeastern

147 of the basin area, i.e. 750,000 acres (fig. 11).

PROBABILITY DISTRIBUTION

MOST
MAJOR GEOLOGICAL/EXPLORATION FACTORS <95% LIKELY zSZ
A. UNTESTED TRAP AREA (MMA) .050 .0675 | .150
B. PERCENT UNTESTED TRAP AREA PRODUCTIVE (%) 5 40 50
C. AVERAGE EFFECTIVE PAY (feet) 40 150 300
D. PERCENT OIL VERSUS GAS IN PETROLEUM FILL (%) 5 15 45
E. OIL RECOVERY (BBLS/AF) 150 270 350
F. GAS RECOVERY (MCF/AF) 500 1,200 | 2,000
G. NGL RECOVERY (BBLS/MMCFG) 5 16 25

} -
PRODUCT OF MOST LIKELY PROBABILITIES: OIL.164 BB, GAS, 4.13 TCF, NGL .07 BB, OE .92 BBOE

REMARKS

By analogy to the salt diapiric areas of the Cuanza, about 15% of the play area is trap, or
some 112,500 acres. An estimated 407% of this trap area has been ‘tested leaving some 67,500
acres.

Success rate appears to be very high, about 70% so far. Fill is assumed to be about the same
as the Niger Delta or 60%, indicating that about 40% mapped trap area would be productive.
By analogy to Cretaceous sands in adjoining Nigeria, an average pay thickness of 150 ft

is assumed. .

Available test information indicates area to be gas prone. Analogous Cretaceous sands in
Nigeria have been judged to be 85% gas.

Average reservoir parameters are assumed.

Assuming an average depth of 8,000 ft, an average temperature gradient of 1.5°F/100 ft,

and average reservoir parameters.

By analogy to the adjoining Niger delta.

‘ndiscovered resources of all plays in basin: .326 BBO, 7.522 TCFG, .124 BBNGL, 1.705 BBOE

‘This does not include an estimated 4 TCFG reportedly discovered, but not established as
reserves.
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PLAY ANALYSIS SUMMARY OF UNDISCOVERED PETROLEUM

lable o

o

No.

BASIN Douala No. 2, COUNTRY Cameroon , PLAY Growth Faults/Rollovers

AREA OF BASIN (Mi?*) 8,335

VOLUME OF BASIN (Mi3) 25,000

ESTIMATE ORIGINAL RESERVES O BBO <1 'TCFG
TECTONIC CLASSIFICATION OF BASIN: Rifted continental margin

AREA OF PLAY (MMA) 4.0

PLAY EST.ORIG. RESERVES

BBO

TCFC

DEFINITION‘AND AREA OF PLAY: Cretaceous deltaic sands involved in growth faults and associated

rollovers. Area of play very approximately 4 MMA which is the entire basin minus the updip area
PROBABILITY DISTRIBUTIC

of thin sediments and the area of the salt—dome play (fig. 11).

MAJOR GEOLOGICAL/EXPLORATION FACTORS 95% gg;gLY 5%
A. UNTESTED TRAP AREA (MMA) .100 .232 .300
B. PERCENT UNTESTED TRAP AREA PRODUCTIVE (%) 3 6 24
C. AVERAGE EFFECTIVE PAY (feet) 50 150 250
D. PERCENT OIL VERSUS GAS IN PETROLEUM FILL (%) 5 20 50
E. OIL RECOVERY (BBLS/AF) 100 323 400
F. GAS RECOVERY (MCF/AF) 700 | 1,536 | 1,700
G. NGL RECOVERY (BBLS/MMCFG) s 16 25

PRODUCT OF MOST LIKELY PROBABILITIES: OIL .135BB, GAS, 2.56TCF, NGL .041 BB, OE .606 BBOE

REMARKS

A. By analogy to the Tertiary deltaic play of Nigeria, the growth faults and rollover traps woul

make wp 11.67 of this Cretaceous deltaic play, or .464 million acres.

half the trap area has been tested.

It is estimated that

B. By analogy to the Nigerian deltaic play, the areal petroleum fill would be 60%; exploration
success, however, appears to be considerably less, perhaps 10%, indicating that about 16%

of the trap area may be productive.

C. Sand reservoirs appear to be less developed. I assume the same average pay as that of

the Cretaceous sands of the Nigeria area.
D. By analogy to the Niger delta area
Ef By analogy to the Niger delta area
F. By analogy to the Niger delta area

G. By analogy to the Niger delta area

Undiscovered resources of all plays in basin: .326 BBO, 7.522 TCFG,
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Play 0il1(BBOE) Gas(TCFG) NGL(BBNGL) BOE(BBOE)

Draped Cretaceous sandstone .027 .832 .013 179
Sandstones over salt diapirs 164 4.13 .070 .920
Growth fault/rollovers .135 2.56 .041 .606
Douala basin Total .330 7.56 124 1.710

A consensus of geologists of The World Energy Resources Program, based
on the above estimates, indicate a range of undiscovered petroleum
probabilities for the Douala basin, the mode, or most likely of which are 0.4
BBO and 10 TCFG. The cumulative probability curves, derived from the
consensus, indicate the full range of probabilities for undiscovered oil and
gas in the Douala basin (fig. 13). The curves include the mean values of .52
BBO and 13.34 TCFG.

Gabon Basin

Location and Size

The Gabon basin is a segment of the so-called Aptian salt basin which
extends southward from the Guinea Ridge opposite Cameroon to the Walvis Ridge
of Namibia and westward from the African craton to near the 3-km water depth
of the Atlantic (figs. 1, 2 and 14). The northern boundary of the Gabon basin
is placed at the Equitorial Guinea (Rio Muni) boundary where the Fang Fault
zone intersects the continental margin (fig. 11). To conform with previous
usage, the southern boundary of the Gabon basin is placed at Mayumba
(Lat. 3°30' S.) a west—plunging basement ridge (fig. 14). (However, a more
proper geologic boundary might be further north so that the Gabon basin would
only include the depressed delta area of the Ogooue River.) Although the
Aptian salt basin extends much further seaward, the western boundary of the
Gabon basin is taken at the 1,000 m (3,280 ft) water depth. This
approximately coincides with the western limit of the high relief rifted
continental margin with consequent trap formation and organically rich graben
lows. It also approximates the west limit of a sufficiently thick sedimentary
pile to insure thermal maturity, the west limit of the better reservoir
development, and the west limit to shallow water depths with tolerable
production economics (fig. 15).

Within these boundaries the Gabon basin has an area of about 33,800 sq
mi and a volume of some 105,000 cu mi.

Exploration and Production History

The first surface investigations began in 1928, attracted by bitumen
seepages and asphalt deposits. The first wildcats were drilled in 1936. Many
onshore wildcats were subsequently drilled with little encouragement until
1956 when Ozouri was discovered (fig. 14). Between 1956 and 1959, the onshore
fields, Pointe Clairette, M. 'Bega, Cap Lopez, Alewano, Anembo, and Chengue,
were found resulting in production of almost 6 million barrels a year. The
first offshore discovery was in 1962, Anguille. Subsequently, 20 more fields
have been discovered bringing the reserves to approximately 1.71 BBO with an
unknown amount of gas. Production of 86.25 MMBO/yr peaked in 1977. The
wildcat success rate appears to have been 12.5 percent through 1984,
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Exploration has indicated two principal plays: (1) a pre-salt play of
drapes and fault-traps affecting early Cretaceous reservoirs, and (2) a post-
salt play of salt-flowage structure affecting the overlying late Cretaceous
and Tertiary reservoirs.

Structure

Regional Tectonics.--The Gabon basin is essentially part of the rifted
continental margin that extends along the west coast of Africa. The initial
rifting began in late Jurassic or early Cretaceous and continued vigorously
through Neocomian resulting in deep graben lakes and interlake horsts and
tilted fault blocks (fig. 15). This rifting was followed by the mid-
Cretaceous interior sag filled with continental clastics grading upwards into
salt and evaporites of Aptian age. At about the end of the Aptian, Africa and
America had parted to such an extent that open-marine sediments appeared and
thermal subsidence accelerated as the spreading center gradually moved
westward in respect to the continental margin of Africa.

Structural Traps.—-Traps fall into two groups: Those associated with the
rifting and those associated with the Aptian salt flowage.

The traps associated with the rifting are prerift sediments in fault
closures, synrift truncations and stratigraphic traps, and synrift and
postrift drapes (fig. 15). These traps are partially obscured from the
seismograph, since in most cases, they underlie the relatively high-velocity,
flow-distorted salt, and evaporite layers. Many more of these traps may be
found; I estimate that only 40 percent of the traps have been tested. With
the small amount of data at hand, I can only lump all these plays into one
play and call it the pre-salt play.

Assuming this play is analogous to other rifted continental margin
basins of Africa and Asia, where I have estimated that the trap area makes up
5 percent of the play area, there is 1.08 million acres of trap area.

The post-salt trap closures are largely formed by salt tectonics (fig.
15). In the absence of any other data, I assume that the play is analogous to
the Cuanza basin's salt diapir play where traps make up about 15 percent of
play area. The area appears to be rather thoroughly explored at this level
and the seismic data are good; I estimate that only 20 percent of the traps
remain untested. The play area is limited to a zone where overburden is thick
enough to cause flowage; that is all the western part of the basin (exclusive
of the shallower foreland), an area of some 11.37 million acres.

Stratigraphy

General.--The stratigraphy is obscured by a multiplicity of local
formation names (35) and rapid east-west facies changes from continental red
beds to marine shales and carbonates (fig. 16). The formations are best
described within the framework of the tectonic-lithologic groupings.

Intracratonic (Prerift) Sediments

Scattered outcrops of Jurassic, Triassic, and Permo-carboniferous
(probably Karoo equivalent) are reported. Overlying these strata is a
sequence of coarse clastics, variously designated pre-Cocobeach, N 'Dombo,
Gres de base, Lucula, of lowermost Cretaceous which were evidently deposited
in an intracontinental largely fluviatile, but also lacustrine, environment.
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The sandstones have some 0il shows (and in the Congo are a prolific oil
reservoir, i.e. the Lucula Formation). Thickness of this basal sandstone unit
may attain 1,300 ft.

Interior Rift (Synrift) Sediments

In the Gabon basin, this sequence is referred to as Lower, Middle and
Upper Cocobeach or by some 14 separate formation names. In essence, the
sequence is alternating lacustrine shales and sandstones. The shales are
mostly dark gray to black and largely of a lacustrine facies deposited in deep
graben lakes. They are organically rich and in places, bituminous. The
sandstones are fine-to-coarse grained and represent fans and turbidites
deposited on the perimeter of the graben lakes. The total thickness of the
sequence ranges up to 20,000 ft. The lacustrine shales are the principal
source rock of the basin.

Interior Sag (Synrift and Postrift)

These rocks were deposited in the broad basin, formed after the
cessation of rifting, after the highs were reduced by erosion, and after
subsidence began as the hot spreading center separated from the continental
crust. The lower part of the sequence, the Gamba Formation, is lacustrine and
fluviatile becoming more marine upward as marine waters entered the interior
basin (fig. 16). The marine incursion resulted in a thick section of
evaporites including salt. The lower section, Gambia Formation, is probably a
few thousand feet thick; the salt was perhaps a thousand feet thick prior to
distortion by flowage.

Marginal Sag (Postrift) Sediments

Thermal subsidence after the continental crust separated from the hot
spreading center resulted in a thick marginal sag or postrift marine sequence
often referred to as the post-salt sequence. Maximum subsidence was in the
northern Gabon coastal area or Ogooue delta area (fig. 14). Accompanying the
subsidence was further encroachment of the sea and establishment of open-ocean
circulation. The sediments range in age from Albian to Miocene. The Albian
strata just above the Aptian salt are characterized by a thick carbonate
sequence, the Madiela Formation, the equivalent of which is a principal
reservoir in the Congo basin (fig. 16). Above this is a section of
interbedded shales, sandstones, and carbonates, designated by 24 formation
names,

Reservoirs.--The two principal and largest fields producing from pre-
salt interior sag reservoirs, are the Gamba and Ivinga (fig. 14). They have
average pay thickness of 121 and 72 feet respectively at the base of the
interior sag sequence (Gamba Formation). I estimate that pay thickmess in
smaller fields yet to be discovered will average less, perhaps only 70 ft in
any one place. Reservoir characteristics appear favorable, porosity averaging
27 percent at Ivenga. I estimate an average porosity of 25 percent for these
pre-salt reservoirs.

Although some pre-salt, interior rift reservoirs exist, they apparently
have not produced and are not described; I lump these minor reservoirs with
those of the interior sag reservoirs.
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Post-salt reservoirs vary in thickness and characteristics, the
principal reservoir being the Batanga Sandstone (Port Gentil, fig. 16) which,
at the largest field, Grondin (fig. 14), has a cumulative thickness ranging
from 80 ft to 260 ft, probably averaging 200 ft. The cumulative thickness of
this sandstone in the Batanga Field appears to range from 75 to 250 ft,
perhaps averaging 150 ft; the thickness in Anguille Field averages about 100
ft and in other fields, less. I estimate an average pay thickness of 100 ft
for new fields, which would include other minor reservoirs besides the Batanga
sands.,

Seals.~-With the large quantity of shale in the section and the
lenticularity of the sands, leakage or flushing would not appear to be a
limiting factor in petroleum accumulation.

Source Section.--As will be discussed below, the principal potential
source sections are the Early Cretaceous interior rift lacustrine shales
(Cocobeach group) and the marginal sag shales of the Ogooue delta area
(principally the Azile Formation).

Petroleum Generation and Migration

Richness of Source.--No specific data concerning the richness of source
strata are available. However, the interior rift part of the section appears
to contain Neocomian organically rich, graben-fill, lacustrine shales that are
equivalent to the organic shales in Cabinda, which have as much as 20 percent
organic matter (Brice and others, 1982). These organically rich shales are in
the Lower and Middle Cocobeach Formations shown on fig. 16.

In the post-salt section, the principal source rock is in a shaley zone
corresponding to the Azile Formation that reportedly has pyrobitumins (Vidal
and others, 1975) and "organic-rich" shales; it is stated to be the source
rock of the Grondin Field (Vidal, 1979), the richest of the post-salt fields.

Depth and Volume of Source Rock.--No thermal data is available
concerning the Gabon basin. Assuming a thermal gradient of 1.5° F/100 ft,
which appears about average for rifted continental margins, and taking the
subsidence rate to be about 115 ft per million years, the top of the mature
zone appears to be at a depth of about 8,000 ft. This compares to some extent
with vitrinite reflectance values which, with some anomalous values, indicate
mature rock (i.e. reflectance values greater than 0.7 percent) to be between
8,000 and 9,000 ft (Cassan et al., 1981). On this basis, mature source rock
is confined to the pre-salt section, except in the Ogooue delta area,
basinward of the number 3 hinge line (fig. 14, or flexure Atlantique of fig.
15), where the post-salt sediments are deeper than 9,000 ft. The volume of
mature or over-mature source rock is approximately 25,000 cu mi.

0il Versus Gas.--Although gas production is not mentioned in the
literature, the largest field, Grondin, a post-salt accumulation, has a gas
cap that is regarded as small but of sufficient size so as to be programmed
for gas-lifting whe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>